1. Background {#sec89793}
=============

There has been recently a great deal of interest in the role of inflammatory responses and oxidative stress related to tissue damages and fatigue from exercise. Exhaustive physical exercise is known to induce free radicals in vivo and guide to oxidative damage in multiple tissues in rats ([@A22633R1]-[@A22633R4]). It is also well known that regular exercise plays a protective role against lifestyle-related diseases and has many health beneﬁcial effects including improvement of antioxidant status in liver tissue ([@A22633R4]-[@A22633R6]).

However, exhaustive exercise can produce a large quantity of reactive oxygen species (ROS) due to increased oxygen consumption ([@A22633R7]). ROS are scavenged by a sophisticated antioxidant defense system, which includes enzymes, superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GSH-Px), and non-enzyme glutathione (GSH) ([@A22633R8]). On the other hand, NF-κB is a well-known nuclear transcription factor involved in regulating expression of various genes and enzymes including antioxidants, which play critical roles in the first step of inflammation ([@A22633R9], [@A22633R10]). Since oxidative stress and inflammation contribute to fatigue, tissue damage and impaired recovery from exhaustive exercise, much research has focused on supplementation of nutraceutical agents for reducing these effects. Additionally, people tried various strategies to improve the body's strength and enhance recovery from fatigue, including the use of stimulants, which cause long-term harm to the body ([@A22633R11]).

Estrogen exerts a variety of important physiological effects, suggested to be mediated via the two known estrogen receptors (ERs), alpha and beta. 17b-estradiol (E2) binds estrogen receptors alpha (ER-alpha) with a higher affinity than estrogen receptors beta (ER-beta) and promotes higher rates of ER-alpha-mediated transcriptional activity at the estrogen response elements (ERE). Estrogen is believed to have a high antioxidant capacity, membrane stabilizing properties and a gene regulatory effect. Through one or all, of these interrelating properties it has been suggested that estrogen could play a role in reducing tissue damage ([@A22633R12]). However, there are some contradictions about estrogen supplementation effects.

2. Objectives {#sec89794}
=============

The liver is one of the most important organs affected by exercise, and to the best of our knowledge and literature data, a few study to date investigated the effects of estrogen supplementation on exercise-induced oxidative stress in liver tissue of rats. Therefore, the present study aimed to investigate positive or negative effects of estrogen supplementation on oxidative stress markers in liver tissue of exercised rats.

3. Materials and Methods {#sec89803}
========================

3.1. Animals {#sec89795}
------------

Thirty-five male Sprague-Dawley rats (ATADEM, 22.04.2011, B.30.2.ATA.0.23.71-514) were housed according to gender in cages of 6-7 animals, in an environmentally controlled room with reversed light/dark cycles. All animals were allowed free access to food and water and fed with AIN-93 purified rodent diet. After a week of acclimatization, animals were randomly assigned to experimental groups as follows; eighteen exercised, vehicle-injected males (MV); eighteen exercised, estrogen-injected males (ME). Animals were approximately 12 weeks of age and sexually mature at the start of experiment. And then, the rats were divided into six groups ([Table 1](#tbl22939){ref-type="table"}).

###### Experimental Groups of Study

  Group   n   Treatment
  ------- --- ----------------------------------------------------------
  **1**   6   Control
  **2**   6   Estrogen (+), eccentric exercise (-)
  **3**   5   Estrogen (-), eccentric exercise (+) killed (after 1 h)
  **4**   6   Estrogen (+), eccentric exercise (+) killed (after 1 h)
  **5**   6   Estrogen (-), eccentric exercise (+) killed (after 48 h)
  **6**   6   Estrogen (+), eccentric exercise (+) killed (after 48 h)

3.2. Drug Administration {#sec89796}
------------------------

Animals received daily physiological doses of either 10 µg/kg 1 body mass β-estradiol 3-benzoate ([@A22633R13]) in sesame oil and absolute ethanol or virgin sesame oil and absolute ethanol vehicle alone. Injections were made subcutaneously into the neck fold for 30 consecutive days. The animals were acutely exercised 24 hours following the final injection. Estrogen treatment protocols similar to those used in this study were reported to induce adaptations in liver as well as other tissues of gonadally intact male ([@A22633R14]-[@A22633R16]).

3.3. Exercise Administration {#sec89797}
----------------------------

Acute exercise was performed on a motorized rodent treadmill with an electric shock grid. Animals ran at 20 m/min on a 15% acute exercise on a motorized rodent treadmill with an electric shock grid. Animals ran at 20 m/min on a 15% grade for 90 minutes. All animals completed 90 minutes of exercise ([@A22633R17], [@A22633R18]). At the end of exercise, all rats were killed under isoflurane anesthesia by taking blood from the heart.

3.4. Histological Procedures {#sec89798}
----------------------------

Liver samples for light microscopic examination were fixed in 10% formaldehyde solution for 48 hours, dehydrated in a graded alcohol series and cleared in xylene. After dehydration, specimens were embedded in fresh paraffin (Agar, Cambridge, UK). Sections were cut using a Leica RM2125RT microtome (Leica, Germany). In this stage, each paraffin block was cut to 7 μm thickness. The sections were stained with Hematoxylin-Eosin (H&E) for light microscopic examination.

3.5. Immunostaining Procedures {#sec89799}
------------------------------

NF-κB is a protein complex, which controls transcription of DNA. NF-κB is involved in cellular responses to stimuli such as stress, cytokines and free radicals. Therefore, our aim for using NF-κB staining method was to detect possible pathologies about oxidative stress in liver tissue. Immunohistochemical staining was performed on 7 μm thick paraffin-embedded biopsies. Immunohistochemical staining for NF-κB protein was performed by an automated method on the VENTANA BenchMark GX System (Ventana Medical Systems, Inc.) with an ultraView Universal DAB Detection Kit. The antigenic determinant sites for NF-κB were unmasked in citrate buffer with steam for 60 minutes, after deparaffinization step. The primary antibody used for NF-κB staining, a rabbit anti-human NF-κB/p65 primary antibody (Santa Cruz, CA) was used at a dilution of 1:50 for 32 minutes at 37°C. Then, the slides were incubated with the diluted antibody, followed by application of ultraView Universal DAB detection kit (Ventana Medical Systems, Inc.). DAB was used as a chromogenic and hematoxylin as a counter stain.

3.6. Tissue Sample Preparation {#sec89800}
------------------------------

Livers were collected and tissues were homogenized with Malondialdehyde (MDA) 1.15% KCI, and for GST, GSH-Px ve SOD NaCl 0.9% was used. Tissue samples were centrifuged with Yellow Line DI 18 basic. Homogenates were centrifuged at 15000 rpm for 15 minutes at +4 °C. The supernatant was collected and frozen at -80 °C until assayed ([@A22633R19]).

3.7. Measurements {#sec89801}
-----------------

The CAT enzyme activity was determined according to the method proposed by Aebi ([@A22633R20]). The kinetic analysis of CAT was started after H~2~O~2~ addition and the color reaction was measured at 240 nm. Data was corrected by the protein content and expressed as percentage of control. GSH-Px activity was measured spectrophotometrically at 340 nm by NADPH consumption for three minutes at 37 °C ([@A22633R21]). The reaction was initiated by adding H~2~O~2~ to a ﬁnal concentration of 0.4 mM. The GSH-Px activity was determined using the molar extinction coefficient 6220 /M cm and expressed as percentage of control. The SOD enzyme activity was determined according to the method proposed by Misra and Fridovich ([@A22633R22]). The principle of method is based on the inhibition of Nitro Blue Tetrazolium (NBT) reduction by the xanthine-xanthine oxidase system as a superoxide generator. One unit of SOD was defined as the amount of enzyme causing 50% inhibition in the NBT reduction rate. SOD activity was also expressed as unit per g-1 protein. The kinetic analysis of SOD was started after adrenaline addition, and the color reaction was measured at 480 nm. Data was corrected by the protein content and expressed as percentage of control. MDA concentrations were estimated by spectrophotometric measurement of the color generated by the reaction of thiobarbituric acid and MDA at 532 nm ([@A22633R23]). Results were expressed as nanomoles per gram protein (nmol.g-1 protein). GST activity of the cell supernatant was measured using 1-chloro-2,4-dinitrobenzene and it was assayed at 340 nm according to the method of Habig ([@A22633R24]). Results were expressed as (U/mg-protein).

3.8. Statistical Analysis {#sec89802}
-------------------------

Results given are means ± SEM. Mann-Whitney U test was used to compare the group means. P value less than 0.05 was considered as significant.

4. Results {#sec89806}
==========

4.1. Histopathological Results {#sec89804}
------------------------------

Sections obtained from every group were evaluated in two different steps:

1.  1st step: H&E dyed sections for detection of cell cytoplasm and nuclei,

2.  2nd step: NF-κB immunostained for detection of oxidative stress.

According to histopathological data, central vein and hepatocytes, lined from central vein radially and sinusoids, between hepatocyte cords, were seen as healthy appearance in liver tissue of control groups. However, there were some disruptions in other experimental groups. Three important findings were detected for group 2. Firstly, hepatocytes lost their hexagonal shape and connection with each other. Additionally, hepatocytes had more eosinophilic cytoplasm and finally, congestion was remarkable in central veins. The sinusoids were full of inflammatory cells in group 3 histopathological sections. Spotty necrosis and some hepatocytes with pushed aside picnotic nuclei and eosinophilic cytoplasm were observed in some area. In addition, congestion was mildly remarkable in small central veins the same as group 2. Hyalinization was observed in portal area in liver tissue of group 4. Additionally, increased cytoplasmic eosinophilia was detected in hepatocytes located on central area as well as dilatation in central area sinusoids. On the other hand, endothelial damage in brunches of hepatic artery and portal vein, necrotic focus and inflammatory cell invasion and congestion were detected at portal area for the fifth group. Finally, eosinophilic hepatocytes, dilatation and congestion were observed in Group 6 sections ([Figure 1](#fig17383){ref-type="fig"}).

![Liver Sections Stained With H&E of all Experimental Groups\
The liver sections of whole groups named as (A) Control group, (B) Group 2, (C) Group 3, (D) Group 4, (E) Group 5 and (F) Group 6. (Portal area = pa, central vein = cv, black arrow = degenerative hepatocyte, white square = inflammatory cell infiltration, black square = necrotic focus).](hepatmon-15-02-22633-g001){#fig17383}

When the NF-κB immuno-staining data was evaluated, there was no significant immunopositivity in Group 1 (Control group). However, mild immunopositivity was detected in hepatocytes located around the central vein in the experimental groups that were subjected to estrogen supplementation (Groups 2, 4 and 6). On the other hand, cytoplasmic and nuclear positivity were rarely detected in mid-zonal area in Groups 3 and 5. ([Figure 2](#fig17384){ref-type="fig"}).

![Liver Sections Stained With NF-κB of all Experimental Groups\
The liver sections of whole groups named as (A) Control group, (B) Group 2, (C) Group 3, (D) Group 4, (E) Group 5 and (F) Group 6. (Central vein = cv).](hepatmon-15-02-22633-g002){#fig17384}

4.2. Biochemical Results {#sec89805}
------------------------

Some differences were observed in the level of some antioxidant parameters when biochemical data was evaluated. For this study, there were serious increases and decreases in SOD and GSH-Px activities in some experimental groups. At first, no significant differences were found between all experimental groups regarding the level of MDA, CAT and GST activities (P \> 0.05). Additionally, there were no significant differences between control group and groups 2, 3, 4 and 6 regarding the level of SOD activity. However, a significant difference in SOD activity was detected between groups 3 and 5. SOD activities were increased in group 3 compared to group 5 (P \< 0.05). On the other hand, there were no significant differences between control group and groups 2 and 6 regarding the level of GSH-Px activity. However, GSH-Px activity was significantly (P \< 0.05) decreased in groups 3, 4 and 5 compared with the control group ([Table 2](#tbl22940){ref-type="table"}).

###### Malondialdehyde (MDA) Level and Superoxide Dismutase (SOD), Catalase (CAT), Glutathione S-transferase (GST) and Glutathione Peroxidase (GPx) Activities in Liver Tissues ^[a](#fn20832){ref-type="table-fn"}^

  Group                                                             n   MDA (nmol.g-1 protein )   SOD (U/mg protein)   CAT (U/mg protein)   GST (U/mg protein)   GPx (U/mg protein)
  ----------------------------------------------------------------- --- ------------------------- -------------------- -------------------- -------------------- --------------------
  **1: Control**                                                    6   235.90 ± 52.82            770.41 ± 79.31       346.02 ± 42.63       1.41 ± 0.17          43.90 ± 18.34
  **2: Estrogen (+), eccentric exercise (-)**                       6   222.01 ± 52.06            840.35 ± 94.83       302.46 ± 95.37       1.22 ± 0.16          24.60 ± 8.27
  **3: Estrogen (-), eccentric exercise (+) killed (after 1 h)**    5   225.84 ± 27.45            703.19 ± 64.81       291.42 ± 52.66       1.37 ± 0.17          11.23 ± 4.20
  **4: Estrogen (+), eccentric exercise (+) killed (after 1 h)**    6   210.49 ± 24.39            717.61 ± 59.45       339.33 ± 51.12       1.49 ± 0.15          15.26 ± 5.79
  **5: Estrogen (-), eccentric exercise (+) killed (after 48 h)**   6   187.21 ± 17.86            941.67 ± 64.05       459.56 ± 71.89       1.31 ± 0.25          10.91 ± 2.18
  **6: Estrogen (+), eccentric exercise (+) killed (after 48 h)**   6   184.56 ± 9.21             753.88 ± 39.05       407.14 ± 82.69       1.21 ± 0.07          43.43 ± 28.27

^a^The results are means ± SEM. The groups were compared by Mann-Whitney U test. P \< 0.05 was considered significant.

There was really a serious damage in rat liver occurred by estrogen supplementation and exhausted exercise, but some disruption should not be overlooked according to the obtained data. There were no necrotic areas in any experimental groups except group 5. As a consequent, this issue may be explained as some disruptions detected in experimental groups may form the first few steps of necrotic process.

5. Discussion {#sec89807}
=============

Exercise is a protective method of some situations for life such as improving person\'s physical and mental health, ensuring self-confidence and achieving maximum performance in physical activities. However, we can talk about the beneficial sides of sports, when performed properly and consciously. Some applications such as drug usage, overload and balance problems may lead to injuries, permanent damages and some side effects of drug (doping) usage ([@A22633R25]).

Recently, there is an increased interest on the topic related with estrogen and its inflammatory response on some tissues. Estrogen has serious effects on some organs, especially brain, heart and skeletal muscles, nerve tissue and liver ([@A22633R26]). There are some studies showing the effects of estrogen supplementation on exercise-induced liver damage and leukocyte infiltration ([@A22633R27]). Although some studies claim estrogen beneficial effects on some tissue damage, there are still contradictions about this issue ([@A22633R28], [@A22633R29]).

Our study attempted to examine estrogen supplementation in relation to exhaustive exercise-induced liver damage in a rat model. In the histopathological results of this study, there were some changes in liver tissue in only estrogen supplementation group compared with the control group. However, the damage level was higher in exercise groups because of exercise adverse effects. Inflammatory cell infiltration and NF-κB-p65 immunopositivity were observed both in groups 3 and 4. Sinusoidal narrowing was seen in groups 5 and 6 as well as inflammatory cell infiltration and NF-κB-p65 immunopositivity. According to the histopathological results, estrogen supplementation (groups 4 and 6) could not prevent the liver damage.

There are some studies regarding estrogen supplementation in exercise-induced tissues damage, but there is no data about estrogen supplementation on exhaustive exercise-induced liver damage according to the literature ([@A22633R30], [@A22633R31]). By this way, the present study would be the important data about estrogen and exercise-induced liver damage, but the present findings indicated that estrogen may not be very effective to prevent eccentric exercise-induced liver damage.

It is well known that SOD, CAT and GSH-Px are regarded as the first line of defense by the anti-oxidant enzyme system against ROS generated during exhaustive exercise. The current study showed that some of these enzymes in liver increased as a compensatory mechanism in response to an increase in oxidative stress due to exhaustive exercise.

SOD is one of the first lines of defense of anti-oxidant enzyme system against reactive oxygen species generated during exhaustive physical exercise ([@A22633R32]). Previous studies reported that SOD and GSH-Px activities in serum are increased with oxidative stress due to exercise-induced fatigue ([@A22633R33], [@A22633R34]). In our study, exercise increased SOD and decreased GSH-Px activities in some experimental groups. SOD activity was statistically increased only in group 3, compared with the control group. On the other hand, GSH-Px activities were also significantly decreased in groups 3, 4 and 5 compared with the control group. These effects were not induced by estrogen intake, because estrogen supplementations were not performed for groups 3 and 5. There were no statistically differences regarding MDA, SOD, CAT, GST and GSH-Px in experimental groups with estrogen supplementation. Although some numerical changes in MDA, SOD, CAT, GST and GSH-Px parameters were observed, estrogen had no significant effect on liver damage.

In conclusion, there was really a serious damage in rat liver occurred by estrogen supplementation and exhausted exercise, but some disruption should not be overlooked according to the obtained data. This issue may be explained as some disruptions detected in experimental groups may form the first few steps of necrotic process. Additionally, this report demonstrated that estrogen supplementation had no effect on liver damage occurred by exhausted exercise. Therefore, further studies must be performed about estrogen supplementation and exercise-induced tissue damage to explain the possible mechanism.
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